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Personalized medicine is health care that tailors interventions to individual variation in risk and treatment response. Although medicine has long strived to achieve this goal, advances in genomics promise to facilitate this process. Relevant to present-day practice is the use of genomic information to classify individuals according to disease susceptibility or expected responsiveness to a pharmacologic treatment and to provide targeted interventions. A symposium at the annual meeting of the Society for Medical Decision Making on 23 October 2007 highlighted the challenges and opportunities posed in translating advances in molecular medicine into clinical practice. A panel of US experts in medical practice, regulatory policy, technology assessment, and the financing and organization of medical innovation was asked to discuss the current state of practice and research on personalized medicine as it relates to their own field. This article reports on the issues raised, discusses potential approaches to meet these challenges, and proposes directions for future work. The case of genetic testing to inform dosing with warfarin, an anticoagulant, is used to illustrate differing perspectives on evidence and decision making for personalized medicine. Key words: cost-effectiveness analysis; pharmacoeconomics; resource allocation. (Med Decis Making 2010; 30: 328-340) P ersonalized medicine is health care that tailors interventions to individual variation in risk and treatment response. Although medicine has long strived to achieve this goal, advances in genomics promise to facilitate this process. Ultimately, genomic technologies could lead to therapies targeted to groups of patients with specific genetic variants. 1 Specific applications include the use of genomic information to classify individuals according to disease susceptibility or expected responsiveness to a pharmacologic treatment and to provide targeted interventions. Consequently, our focus is on ''stratified'' medicine using genomics-segmenting a patient population into subgroups based on hereditary risk of a disease occurrence, recurrence or likelihood of treatment response, or somatic changes in a tissue, most often a tumor. 2 We discuss the use of evidence to inform regulatory policies and clinical guidelines for genetic testing in the United States, with focus on the Evaluation of Genomic Applications in Practice and Prevention (EGAPP) initiative of the Centers for Disease Control and Prevention (CDC) and the Food and Drug Administration (FDA). Figuring prominently in our discussion is the application of 2 types of decision-analytic modeling, cost-effectiveness and value of information, to the use of pharmacogenomics (PGx) and tumor genomics in personalizing medical treatment.
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PERSONALIZED MEDICINE AND EVIDENCE-BASED PRACTICE: A PHYSICIAN'S PERSPEC-TIVE ON EVIDENCE-BASED REVIEWS OF GENETIC TESTS AND RECENT PROGRESS IN THE UNITED STATES
The collection and integration of evidence of safety and effectiveness into clinical and public health guidelines provide rigorous means to inform clinical decision making. 3 Domestic examples of evidence-based review processes include the US Preventive Services Task Force (USPSTF) and the Evidence-based Practice Centers sponsored by the AHRQ. Many countries have health technology assessment agencies responsible for preparing guidelines such as the UK National Institute for Health and Clinical Excellence (NICE). 4 It should be noted that each of these groups focuses guidelines on clinical outcomes; the prospective value of information per se, which may be particularly important for certain types of genetic testing (see Discussion), is typically outside the groups' respective mandates.
Evidence-based review of genetic tests may be more challenging than that of drug treatment and screening tests for several reasons. First, a challenge specific to predictive genetic testing, as opposed to pharmacogenomics, is that genetic alterations with high penetrance and clinical expression are relatively uncommon. For example, the chance of finding a BRCA1/2 mutation in the general population is approximately 1 in 1000. 5 For low prevalent risk factors, whether genotype or not, a highly specific screening test is needed to avoid undue inconvenience to large numbers of people with false-positive test results, and treatment should provide large benefits for those detected to justify the cost of the test and treatment.
Second, interventions and clinical outcomes are often poorly defined when a diagnostic test, whether molecular or other, first becomes available. For example, when BRCA1 was identified in 1995, it was not clear how test results would be used to change management for women at increased risk. 5 These research gaps can make it very difficult to develop coherent strategies for testing use.
Third, although most discussions have focused on relatively well-defined genetic tests, including all of those considered here, many other genomic applications are not well defined. One example consists of the ''cardiogenomic profiles'' that are currently being marketed to consumers by some companies. The genes included in a cardiogenomic profile vary by company, and there is little scientific consensus regarding the predictive value of most of the gene variants that are included. 6 Consequently, intertest reliability is questionable, and translating results into patient care is challenging.
Fourth, no review or approval process is required in the United States before a laboratory-developed test (i.e., a test conducted at the developer's lab and not marketed as a test kit) is introduced or marketed to the public through direct-to-consumer (DTC) sales. 7 Thus, evidence-based reviews generally will be conducted only after the test has already been made available. Changing an already established behavior is more challenging, and the impact of evidence-based recommendations may be smaller.
The primary challenge to creating evidence-based review of genomic tests is the limited evidence base available. In particular, randomized controlled trial (RCT) and other high-quality evidence is generally lacking for these technologies, as is the case for many diagnostics or medical devices. 8 The Secretary's Advisory Committee on Genetics, Health, and Society (SACGHS) recently called for increased federal funding for research to help provide an adequate evidence base for the oversight of genetic testing. 7 The estimates of sensitivity and specificity for detecting the genotype or, even better, for predicting the phenotype of interest are often missing or misleading.
Translational research is needed to apply the results of basic research on the human genome to clinical practices that improve individual and population health. Khoury and others 9 have distinguished 4 phases of translational research in genomic or personalized medicine. Phase 1 (T1) and phase 2 (T2) translational research informs the development of clinical interventions and evidence-based guidelines, phase 3 (T3) research assesses the implementation of guidelines in health practice, and phase 4 (T4) research evaluates the health outcomes of changes in practice following the implementation of guidelines. 9 The bulk of research funding is in T1 research, including RCTs. In the development of evidence-based guidelines (T2), it is essential to address the ethical, legal, and social issues the tests raise to minimize harms to individuals and populations. 10 Formal processes for conducting reviews and the use of evidence to formulate recommendations may provide better understanding by stakeholders of the potential benefits, harms, and costs of using genomic tests. Such processes are most successful if they are transparent and credible, minimize bias, and identify gaps in knowledge to underscore where additional research is needed. Reviews of evidence assessments prior to publication by experts, patient groups, and health care providers can facilitate transparency.
One such process is the EGAPP initiative funded by the CDC to create publicly accountable reviews of new technologies in genomic medicine. 11 The independent, nonfederal, multidisciplinary EGAPP Working Group, established in 2005, selects topics to review, oversees the systematic review of evidence, and makes recommendations based on that evidence. 12 Disciplines represented on the working group include economics, ethics, epidemiology, genetics, medicine, and others. The EGAPP Working Group is committed to minimizing conflicts of interest while ensuring the involvement of stakeholders and maximizing the utility of its recommendations for clinical practice.
In selecting which tests to review, EGAPP incorporates information on the expected impact a test may have on clinical practice, the amount of evidence available, and the potential for a public health impact. 12 EGAPP builds upon the ACCE framework, to identify Analytic validity, Clinical validity, Clinical utility, and Ethical, legal, and social issues (ELSI). 13 The first step is defining the clinical scenario-the specific setting in which the test might be used. The second relates to identifying and addressing issues of analytic validity (how well the assay measures what it claims to measure). The third is determining clinical validity (how well the test predicts clinical or surrogate markers) and clinical utility (whether the use of the test improves or harms outcomes of importance to patients). A broad definition of clinical utility is used, in which ethical, legal, and social outcomes are considered alongside health outcomes. 14 As is the case with the USPSTF, the EGAPP Working Group does not use cost-effectiveness as a criterion in evaluating the appropriateness of applications to clinical practice, but the plan is to include information on costs, where available, to inform payers and other decision makers regarding the economic implications of recommended tests.
One of the key differences between EGAPP and other evidence review processes is that the working group allows the inclusion of observational data, as well as relevant information that has not yet been published in the peer-reviewed literature. Because RCT data are available for very few genetic tests, the ability to bring new data from other sources to the evaluation process can be critical. However, the limitations of those data are also important to recognize in developing the recommendations, particularly when the data are provided by companies that developed and are marketing these tests without scientific peer review. EGAPP is committed to evidence-based practice, and the working group includes both the current chair and former chair of the USPSTF.
Only a small number of genomic applications can be systematically reviewed by any single process. The working group issued its first recommendation statement in December 2007, regarding testing for cytochrome P450 polymorphisms in adults with nonpsychotic depression treated with selective serotonin reuptake inhibitors (SSRIs). 15 Three other recommendation statements were published in January 2009, regarding UGT1A1 genotyping in patients with metastatic colorectal cancer treated with irinotecan, 16 molecular testing for Lynch syndrome in newly diagnosed patients with colorectal cancer, 17 and breast cancer tumor gene expression profiling. 18 The SACGHS has called for an expansion of evidencebased reviews of genomic testing in the United States, building on the EGAPP model. 7 Despite the challenges, we believe these and similar efforts are the foundation for medical decision making in personalized medicine in the future.
PERSONALIZED MEDICINE AND REGULATORY POLICY: A US FOOD AND DRUG ADMINISTRA-TION PERSPECTIVE ON REGULATING GENOMIC TESTS
The FDA regulates genetic tests in 2 different ways. First, genetic tests, including test kits and analyte-specific reagents, that are developed for sale to multiple laboratories in different states are subject to regulation as devices by the FDA's Center for Devices and Radiological Health, although the only requirement is analytic validity of the test in terms of the reliability of measuring the targeted analyte. Second, the FDA's Center for Drug Evaluation and Research (specifically the Office of Clinical Pharmacology) regulates new drug applications that include the use of genetic tests to indicate whether a drug should be prescribed or the appropriate dosing of a drug using PGx.
The personalized medicine revolution at the FDA began with trastuzumab (trade name Herceptin) approval in 1998. In 2007, the FDA approved a CCR5 inhibitor (trade name Maraviroc) that requires a viral DNA test for a coreceptor tropism to determine if the human immunodeficiency virus (HIV) is of the type that will respond to the drug. In 10 years, there were probably two dozen examples of applications of genomics to therapeutics. The remarks in this section are largely confined to the regulatory approach that has evolved to address these challenges that incorporate PGx-based information, illustrated by a recent case, the 2006 adoption of a label by the FDA suggesting the incorporation of PGx-based testing into the dosing of warfarin for anticoagulationnaive patients.
In general, regulatory decision making at the FDA has tried to break down genomics into different categories and look at each based on a risk-based approach, where risk is used in the sense of potential harms. For example, predicting whether somebody is going to have a disease or not is quite serious. Needing to test somebody before his or her physician decides whether he or she should get a drug is critical but perhaps less serious in its implications than disease prediction. Finally, a genetic test may be used to guide the dosing of the drug once the physician makes the decision to administer the drug to the patient. Along each of these strata of importance, different types of evidence are required to inform regulatory decision making.
To approach these scenarios, the FDA has at least 2 different, overlapping processes in risk management and evaluation. The risk assessment approach is a standard, general, 4-step process: 1) identify the hazard; 2) look at the exposure relative to that hazard; 3) figure out what the population characteristics are for that exposure, how many people take the drug, and for how long; and 4) come up with a risk characterization. Once risk characterization is completed, the regulatory decision to act comes from a menu of choices that could include one or more of the following: a dear doctor letter, relabeling the product, or removing the drug from the market. These outcomes are issue and drug specific. Concerns that the FDA does not normally consider explicitly within its mandate to protect and promote public health include whether a genetic test is going to be covered and reimbursed by insurance companies and what the potential physician liability is in its clinical application. Although these issues are important to society, these issues should not affect regulatory actions based primarily on scientific and clinical evidence.
The FDA Guidance for Industry, titled Providing Clinical Evidence of Effectiveness for Human Drugs and Biological Products, considers both benefits and risks of drugs. 19 For evidence of benefit, the FDA usually requires 1 or more adequate and well-controlled trials to prove that a drug or intervention works as claimed in the indication. However, benefits and risks can be demonstrated using observational data in the absence of RCTs in some cases, depending on prior knowledge and information. It would be preferable to have RCTs to address every question, but this is not feasible or practical.
The regulatory decisions made by the FDA about safety, aside from the benefit/risk ratio, are based on the overall risk characterization, including the magnitude of the risk, clinical significance of the risk to individuals and individual subgroups, the public health population implications of the risk, and finally the certainty of the scientific evidence. The FDA now attempts to get safety information into the public domain earlier than in the past once it believes it is supported by credible evidence.
The first 3 issues were consequential regarding the use of PGx tests for the dosing of warfarin considered by the FDA in 2006. Warfarin is number 2 among drugs associated with emergency room visits in the United States. 20 The probability of major bleeding is approximately 2.5% per year or higher, and minor bleeding event rates have been as high as 36% per year. 21 The majority of all patients who experience bleeding events during the first 28 days on warfarin are reported to have a CYP2C9 or VKORC1 gene variant. 22 The key clinical issue related to the potential value of incorporating PGx-based information is getting the initial dose of warfarin right. Dosing strategies aim to achieve and maintain the patient's international normalized ratio (INR) in a narrow range between 2 and 3. Once a physician initiates an anticoagulation regimen with a patient, it can take 1 to 3 months to get to a stable maintenance dose within the target INR range. Current standard of care suggests that physicians should try to get to a stable dose as quickly as possible because it is common for adverse events to occur in the first month of warfarin therapy. INR values of 4 or more are associated with an increased risk of bleeding, and INR values of less than 2 are associated with risk of thromboembolism.
Guidelines suggest that the initial warfarin dose may be lowered for elderly patients and those with certain health conditions or a high risk of bleeding, 23 but these qualitative factors are not standardized. Some experts have suggested that genetics should also be considered. [24] [25] [26] The reasoning is that the initial warfarin dose is often adjusted for risk factors such as age, body weight, and gender, 23 yet a patient's CYP2C9 and VKORC1 status accounts for more variability in dosing ( ∼ 35%) than do age, gender, and weight taken together ( ∼ 20%). 27, 28 When the FDA considered relabeling warfarin in light of the new PGx dosing algorithm, RCT data were unavailable. A regulatory working group identified 9 credible population-based observational studies, 8 of which found statistically significant associations between lower dose requirements and CYP2C9 or VKORC1 gene variants. Subsequent observational studies confirmed the relevance of genomic information for warfarin dosing. 22, 27 The FDA felt that it was plausible to link the genetic effects on INR to a likelihood of clinical effectiveness because of the causal mechanism between this biomarker and clinical endpoint of bleeding and the strong dose-INR relationship. However, the FDA also believed that it was important to acknowledge uncertainty because no RCTs at the time had evaluated genotype-guided dosing.
The approved label on warfarin basically implies to a physician and patient, ''We suggest that you consider genetic factors in figuring out the right dose.'' The new label does not require that genetic testing be conducted. By updating the label, the FDA did not imply either ''do the test'' before prescribing the drug or ''forget INR'' in monitoring the patient. The goal of relabeling warfarin with genetic information was to inform decision makers about how to better determine maintenance doses but stop short of telling them what to do with the information (i.e., genotype-specific doses).
The FDA decision to relabel warfarin has generated debate because many experts do not believe that genetic testing for the purpose of guiding warfarin dosing is yet ready for routine clinical use, and professional guidelines have not endorsed its use. 23, 29, 30 At present, there is a lack of evidence that genomic information used to inform warfarin dosing improves outcomes such as bleeding events. Until such evidence is available, it would be premature to require or strongly recommend use of genomic testing to guide warfarin dosing. 27, [29] [30] [31] The major challenge is that because serious bleeding is uncommon, a very large RCT would be required to be adequately powered to evaluate clinically significant endpoints. Existing, small RCTs of genetic testing for warfarin dosing have focused on time to stable INR and number of dose adjustments required. Two small RCTs yielded different findings. 32, 33 The first RCT reported no significant difference in time to INR, as a primary endpoint, but did report fewer dose adjustments required. 32 A second RCT reported that CYP2C9 genotype-guided dosing was associated with significantly improved outcomes, including reduced time to stable INR, less time outside the normal range, and fewer minor bleeding events. 33 A newly published international analysis of pooled data on more than 5000 patients enrolled in PGx studies of warfarin dosing concluded that a PGxbased dosing algorithm would significantly reduce both underdosing and overdosing. 34 Real-time regulatory and clinical decisions must acknowledge the tradeoff in using results of observational data v. waiting for the results of a large RCT. The US National Heart, Lung, and Blood Institute (NHLBI) has funded a large RCT, the Clarification of Optimal Anticoagulation through Genetics (COAG) trial, which recently started enrolling an expected total of 1200 patients and will take until late 2011 to complete data collection. 35 Because the primary outcome for the study is time in therapeutic range during the first month of therapy, it may not shed light on the crucial question of preventing serious adverse clinical outcomes. An RCT will provide greater certainty if designed correctly with a typical standard of care arm, but requiring a RCT before relabeling would expose patients to a risk of bleeding that might have been detected by genetic testing. And delaying communication of genetic risk factors for warfarin dosing would exclude health care practitioners and patients from weighing the benefits and risks of testing and making informed decisions. However, if insurers do not reimburse for PGx testing, few patients are likely to choose to be tested even if they or their physicians consider the balance of testing's benefits and risks to be favorable.
PERSONALIZED MEDICINE AND HEALTH TECHNOLOGY ASSESSMENT: A HEALTH ECO-NOMIST'S PERSPECTIVE ON COST-EFFECTIVE-NESS ASSESSMENTS OF PHARMACOGENOMICS
In the early part of this decade, third-party payers charged with coverage and reimbursement decision making in the United States did not show much interest in PGx-based diagnostic tests. Now this appears to be changing. For example, the Academy of Managed Care Pharmacy (AMCP) in 2005 explicitly included PGx tests within its format for submissions for drug formulary consideration and called for information presentations on the analytic validity, clinical validity, clinical utility, and costeffectiveness of PGx tests. 36 Medco, a major pharmacy benefit management firm, has worked with the FDA to research the use and dosing of warfarin and tamoxifen and in May 2008 began promoting PGx testing for initial warfarin dosing in response to interest from its clients, major health care payers. 37 In August 2008, the US Centers for Medicare and Medicaid Services (CMS) initiated a National Coverage Analysis of PGx testing for warfarin dosing to determine whether it meets the ''reasonable and necessary'' criteria for coverage by the Medicare program. 38 For the purpose of informing payer decisions, cost-effectiveness analyses often take the health care system perspective rather than that of society or the patient. It should be noted that unlike NICE in the United Kingdom, US-based decision makers generally do not specify a fixed willingness to pay for improved health outcomes (e.g., $50,000 or 30,000 per quality-adjusted life year [QALY]), as a decision rule, or necessarily use QALYs in decision making. 39, 40 In this section, the major challenges to conducting cost-effectiveness analyses (CEAs) with regard to new genetic-based tests in the United States are reviewed.
One challenge is identifying the economic cost of a testing strategy. The current reimbursement system for diagnostic tests is cost based rather than value based. For example, the price of certain genetic tests is several thousand dollars, particularly those that look at multiple markers or somatic gene expression profiles. There are also tests that look at individual single-nucleotide polymorphisms (SNPs), for which charges are in the range of $100 to $500. Technology advance complicates this further-the price per SNP analyzed is rapidly dropping. 41 Given these conditions, it can be difficult to estimate a true economic cost of the test that is reflective of the economic value of the test at any given point in time and comparable over time. Also, prices do not reflect the total opportunity cost of conducting tests because test results may induce costs for genetic counseling and medical care. 40 Pragmatically, the ''hassle'' cost for providers in dealing with complicated or ambiguous test results also needs to be examined.
Second, and most important, evaluating the costeffectiveness of PGx testing is challenging due to the lack of data on patient and clinician behavior based on test results and the outcomes of treatment decisions (i.e., effectiveness). 19, 42 For example, with warfarin PGx testing and TMPT testing for patients taking 6-mercaptopurine or allopurinol, 43 dose adjustment is a relatively straightforward intervention, yet we lack information on how physicians alter their practice in response to the revised probabilities of poor outcomes given the results of these tests for individual patients. The issue is more complicated for drug selection when the results of a test indicate that a person should not get a certain drug. Are there alternative therapies? If so, how well does sequential decision making incorporate the risk-benefit calculus of alternatives? The COAG study and a number of small trials of PGx testing for warfarin dosing are being conducted around the world that may provide relevant information salient to these concerns. For other questions, RCTs will not be available, and decision-analytic modeling techniques may be used to assess indirect evidence.
The potential clinical benefit of testing from a payer's perspective shares logical similarities with the FDA's approach to risk-benefit assessment. 44 For example, assessing the economic value of warfarin PGx testing for payers is particularly challenging because of limited data availability. Inconclusive or contradictory results from small (N = ∼ 200) RCTs are insufficient for robust estimates of effectiveness. 29, 31 Because of a paucity of direct evidence of benefits and harms of PGx testing, formal decision modeling and cost-effectiveness analysis can be helpful in identifying data needs, but future work remains to be done quantifying uncertainty to inform recommendations for appropriate clinical decision making. The COAG trial will provide a larger sample size, but it may be most applicable to patients cared for in anticoagulation clinics, where the incremental benefit of PGx testing may be smaller than in a general care setting. Furthermore, the primary outcome of the trial will be the percentage of time that INR is in the therapeutic range over the first month of therapy and translating this into meaningful clinical outcomes to inform coverage, and reimbursement decision making will be difficult. A combination of modeling and the cumulative synthesis of evidence from ongoing RCTs of warfarin PGx may provide the most pragmatic approach to informing reimbursement decisions.
If payers are faced with a promising technology that may improve patient safety, likely poses low risk of harm, but has significant uncertainty associated with its clinical value, the value of additional research and policy options such as coverage with evidence development (CED) should be considered. In CED, promising medical technologies for which RCT data are lacking receive provisional approval for coverage by payers on condition that additional data on effectiveness are collected through RCTs or patient registries to improve the evidence base. 45, 46 The US Center for Medicare and Medicaid Services (CMS) introduced CED in 2005, 8 but it has not yet been applied to genomics or personalized medicine. 46 On 6 May 2009, CMS proposed the use of CED for warfarin PGx testing given the clinical promise but lack of sufficient evidence of clinical utility. 47 The decision, if enacted, would require that patients be enrolled in an RCT designed to compare PGx testing to standard of care for warfarin dosing as a condition for reimbursement. CMS would require that the trial measure the following endpoints: ''major hemorrhage, minor hemorrhage, thromboembolism related to the primary indication for anticoagulation, other thromboembolic event, or mortality,'' health outcomes beyond the primary ones captured in the recently initiated COAG trial. 35 It is unclear whether any trials would meet the outcome requirements listed in the CMS CED proposal. Also, because testing for patients enrolled in RCTs is often covered by trial funding, the CED proposal may have limited practical effect, although it will provide some assistance for private-sector-funded RCTs.
PUBLIC AND PRIVATE INVESTMENTS IN PERSONALIZED ONCOLOGY: A HEALTH ECO-NOMIST'S PERSPECTIVE ON USING VALUE OF INFORMATION METHODS TO PRIORITIZE CLINICAL TRIALS
Oncology has benefited from advances in ''stratified'' therapeutics and diagnostic tests. Insights into tumor biology and PGx have led to clinical strategies such as monoclonal antibody-based therapy (e.g., imatinib for chronic myelogenous leukemia), antiangiogenic agents used in combination with traditional chemotherapy (e.g., bevacizumab), PGx-based tests to tailor dosing of traditional chemotherapeutic agents (e.g., irinotecan for colorectal cancer), and genetic tests in combination with therapies (e.g., trazumitab for Her2/neu-positive breast cancer). These developments have dramatically reduced mortality for some forms of cancer 48 and appear to have potential to produce still more successes.
At least 3 defining features of the market for these therapies are important to our discussion of the role of economics in personalizing medicine. First, the public sector has been an active funder of research and development (R&D) in this area. The development of many new therapeutic approaches is the result of public investments in basic science and, more recently, translational R&D. Biotechnology and pharmaceutical firms have also increasingly invested in the development of novel oncology products, sometimes in public-private collaborations.
Second, there is substantial financial risk in developing novel therapies for cancer, with 74% phase III clinical trial failures compared to 5% for traditional products. 49 The average cost of developing a drug approved by the FDA is more than $1 billion, which appears to be driven in large part by monoclonal antibodies and other biologic-based methods. 50 Third, the public is a major payer in the treatment of cancer, and costs have increased significantly due in part to the introduction and use of innovative compounds. 51 As a consequence, targeted cancer treatments' high list prices have fuelled media attention and public concern. 52 In the face of growing federal budgetary deficits, cancer agencies have called for increasing the evidence base to identify and prioritize research priorities in ''personalized'' medicine diagnostics and therapeutics. 53 Any method employed should explicitly account for the above market features: scientific uncertainty, economic risk, and perspective of public payers.
A handful of economic methods for prospective investment decision making under uncertainty may have the potential to provide a systematic foundation for public decision making on future R&D. The method most explicitly linked to the public's perspective as the funder of novel therapeutic techniques and end-product payer is value-of-information (VOI) analysis, which is based in Bayesian methods for decision making under uncertainty. 54,55 VOI allows an analyst to identify key sources of clinical uncertainty regarding expected cost-effectiveness. It employs the results of a cost-effectiveness analysis of alternative and standard treatments. The expected VOI is calculated as the value of improved outcomes that would result from additional research resulting in a change in recommended strategies that leads to improved outcomes. The VOI approach can also incorporate effects on costs to measure the benefits of research net of costs of treatment and/or costs of research.
The VOI method has been most widely discussed as useful to prioritize medical R&D in the UK context, where a quasi-governmental body-NICEemploys cost-effectiveness analysis to assess coverage decisions, and there is an active, publicly funded R&D enterprise closely linked to the National Health Service. 54, 56 Although unlikely to be adopted in the United States outright, some researchers in the United States have suggested that it may become part of a toolkit used by policy makers to value research on heterogeneous effects of 57 or preferences over 58 existing therapies in subpopulations.
In particular, VOI could be used to assess research on stratified treatment of cancer patients based on genomic or PGx factors using existing therapies. For example, it is increasingly common for candidate genomic markers for response to oncology drugs to be included in oncology phase III trials; such markers may be clinically useful for predicting absolute response in certain patient subpopulations or differential dosing regimens. The adoption of the public's perspective in this application in the US context may be appropriate: the incorporation of tumor biomarkers and PGx into oncology trials appears to be a National Institutes of Health (NIH) funding priority. 51 In addition, the pursuit of clinical research to subset a population that appears responsive based on average treatment effects may not be in the interest of for-profit firms if they are unable to appropriate the value of this new information-for example, through extended patent life, newly packaged products for specific populations, or higher prices.
There are some important analytic caveats. First, VOI calculations presume a probabilistic cost-effectiveness analysis. Second, this approach assumes the availability of estimates of future trial performance costs, treatment costs, improvements to patients' quality of life, and patient population size. The true cost of conducting trials to generate subgroup analyses for PGx is unknown. Third, if cost-effectiveness is not used to determine treatment recommendations, as is likely in the US context, or research is unlikely to alter the recommended treatment, VOI estimates may not guide funding decisions.
In sum, the application of VOI may help USbased public decision makers identify opportunities to prioritize oncology research investment using genomic information. The application of these methods to the development of personalized therapies is subject to significant analytical challenges but could potentially help improve the efficiency of public resource use in an area of significant scientific promise but limited budgets. Targeted investment in R&D based on scientific opportunity and clinical and cost implications for patients and payers would be complementary to evidence-based guideline development and health technology assessments of new products, placing emphasis on expected cost-effectiveness from society's perspective at the earliest stages of innovative activity.
KEY THEMES OF THE SYMPOSIUM: PERSPEC-TIVES OF THE MODERATOR AND SYMPOSIUM PARTICIPANTS
Each panelist mentioned, directly or indirectly, 5 main challenges to translating the promise of genomics into personalized medicine: the first relates to the limited quantity and quality of available evidence of effectiveness. Without evidence of effectiveness, there can be no cost-effectiveness, no VOI analyses, and limited regulatory decision making. The limited availability of information from RCTs for PGx tests requires decision makers to determine what types of evidence are relevant and acceptable. When do we have ''enough'' scientific evidence on personalized medical strategies to use them in clinical practice or pursue them further in clinical trials? In practice, the quality and quantity of the evidence required depends on the type of decision and who is making the decision. In particular, the evidence bar for permitting a test to be introduced (e.g., FDA labeling) is lower than that set for evidence-based clinical guidelines, which is revealed by the contrasting opinions expressed about the use of PGx testing in guiding initial dosing with warfarin. Health care payers may require good-quality evidence that morbidity or mortality is improved before they provide reimbursement. As mentioned above, innovative reimbursement agreements such as CED may offer the opportunity to provide patients access to innovative technologies such as warfarin PGx testing while improving our evidence base and decreasing decision uncertainty. 8 However, the CMS CED proposal for warfarin-associated PGx testing could impose stringent requirements on study design and, because PGx testing is generally covered in RCTs, would not necessarily expand patient access to such testing.
Second, the complexity of the information provided by currently available tests is challenging. Newly available genetic tests, such as those used to predict response or dose an available medicine, share the same concerns about sensitivity and specificity with older diagnostics. Challenges unique to molecular testing include the fact that an outcome is likely to be influenced by multiple genes and that each gene can influence multiple outcomes. To complicate matters further, the influence of a genetic variant on a given outcome can vary across individuals, modified by interactions with other genes and with environmental exposures, including diet, drug therapies, and disease states. Thus, each piece of genomic information can provide information about multiple diseases or drugs, but the importance and accuracy of that information may depend on multiple factors, which are often unknown at the time the genetic test is used in clinical practice. 59 For genomic medicine to truly transform medical care, it will require linking many genes to many diseases. With the large number of potential factorial combinations among genetic variants and the lack of evidence about the effects of most of these, establishing the clinical validity of newer genetic tests and prospective planning of clinical trials investigating the application of PGx to identifying patient subtypes is challenging. The true costs of conducting such trials may be prohibitive, and their relative value to clinical practice is also unknown at this time.
Third, the rapid commercialization of new genetic tests with limited oversight or regulation of genetic testing in the United States is challenging to physicians, patients, and payers. 4 Minimal regulation of laboratory testing practices, none of which is specific to genetic tests, is provided by CMS through the Clinical Laboratory Improvement Amendments of 1988 (CLIA). The FDA regulates as devices genetic tests that are sold to multiple laboratories in different states and also regulates the proposed use of genetic tests in guiding prescription medications. No regulation at the federal level of DTC laboratorydeveloped genetic tests exists, even though health care providers may be asked to interpret the results and to order follow-on diagnostic tests. Because physicians remain responsible for interpreting the results of tests and determining an appropriate course of medical care, the current state of oversight complicates the traditional role that physicians have in determining which test or combination of tests may be clinically most useful. DTC marketing of genomic tests consisting of sets of SNPs for which little is known about clinical validity and essentially nothing about clinical utility strains the ability of physicians to incorporate new information into practice. It also underscores the need for enhanced provider-patient communication on the place of genetics in medical care treatment and prevention. The number of potential tests that could be developed and marketed directly to patients has created an increasing sense of urgency about creating order out of the complexity of genomic medicine.
Fourth, an important challenge to the translation of advances in molecular medicine to clinical practice is the apprehension with which many providers, patients, and payers view genomics. Most physicians have little understanding of genomics and the benefits and risks of specific genetic tests. Many have concerns about the potential for their lack of knowledge to lead to mistakes and even legal liability. 59 This situation may be exacerbated by inadequate and poorly understood reimbursement for providing genetic test and counseling services as well as incentives to practice ''population-based'' medicine under current quality improvement systems. 60 Fear of the potential for insurance discrimination had been an urgent concern for patients and medical providers prior to the recent passage of the Genetic Information Nondiscrimination Act (GINA). 61 Commentators have raised concerns about how well GINA will protect against discriminatory practices moving forward. 60 ELSI issues go beyond insurance discrimination to include other potential adverse effects of labeling patients, which are not considered in cost-effectiveness analyses.
Fifth, implicit in all discussions of the present and future of personalized medicine is the fundamental concern about the value of new information and products for patients, physicians, and the medical care delivery system. Discussions of genetic tests and newer personalized diagnostics and therapeutics suggest that clinical utility is a key measure of value. Participants agreed that the assembly of new data on outcomes of genomic testing strategies, including impacts on morbidity, mortality, quality of life, costs of clinical trials, and diagnosis and treatment costs, is needed. Potential downstream implications for clinical practice and insurance coverage and reimbursement need to be considered. In particular, pharmacogenomic profiles may aid in the treatment of comorbid disorders and future illnesses.
These challenges will require concerted efforts across multiple stakeholders to realize the benefits of personalized medicine and involve regulatory issues, research investment, incentive structures, and education. Tools and frameworks that have been developed in health economics over the past decades, such as decision modeling, preference assessment, cost-effectiveness analysis, and VOI analysis, provide a framework for weighing the benefits, risks, and costs of genetic testing. Their use can improve understanding of the uncertainty and complexity inherent in PGx, the value of additional research that may be funded by multiple stakeholders, and the value to patients of genomic information.
An inherent limitation of conventional health economics approaches is the narrow focus on clinical endpoints and costs to the health care system. Such an approach can yield information on which strategy is most likely to be cost-effective on average. However, it ignores the promise of personalized medicine to provide tailored therapies that take into account individual differences in risk and values. 58 The balance of expected risks and benefits for each option and hence the optimal strategy is likely to differ among individuals because of preference heterogeneity. A full economic evaluation of personalized medicine incorporating genotypic information requires the modeling of individual preferences, including preferences about different treatment options. 62 From the societal perspective, the utility of genetic tests can include the value of information itself, or the autonomous right to ''know'' one's own genetic makeup, predisposition to illness, and information's potential utility in reproductive decision making. 63 Such endpoints can also be negative, to the extent that they result in labeling and stigmatization. Likewise, the genetic and pharmacogenomic information available through personalized medicine-including that of tumor biomarkers and genomic profiles-may have value in and of itself. To assess the perceived value of genetic information, one must collect data on patient, public, and provider preferences. Existing methods for calculating quality-adjusted life years, which focus on health outcomes, are inadequate to the task, and other methods such as choice experiments have been proposed to elicit preferences on the value of genomic information and other attributes of testing as well as health outcomes. 63, 64 However, it is unclear whether insurers will reimburse for genomic tests and profiles based on personal utility apart from differences in clinical outcomes. 65, 66 Reimbursement decisions are likely to continue to drive current and future investments in personalized medicine.
Finally, current challenges and future research agendas highlighted in the symposium suggest a critical role for the assembly of new types of health services research teams-those that combine expertise in genetics and PGx with clinical practice, health technology assessment, and the organization and financing of medical care and medical innovation.
CONCLUSIONS
This symposium aimed to identify opportunities for translating scientific advance into personalizing medical treatment and challenges in the practical implementation of this promise, featuring experts in the delivery of clinical medicine, guideline development, regulatory policy, health technology assessment, and the organization and financing of medical innovation. Uniting all panelist presentations was the systematic application of methods for decision making under uncertainty. This empirical framework can help inform public decision making across the continuum of drug and diagnostic discovery, testing, FDA approval, and clinical use. Future research and ongoing discussions are required to examine what evidence is needed and how economic methods may be employed to aid in the translation of personalized medicine into clinical practice.
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